A nonadiabatic scheme for the description of the coupled electron and nuclear motions in the ozone molecule was proposed recently (PRA,88,023425, (2013)). An arXiv:1401.6927v1 [physics.atm-clus]
I. INTRODUCTION
In recent years, essential effort has been made to develop different attosecond techniques, see, e.g., [1] [2] [3] and further references therein. These techniques are based on an appropriate construction of single ultrashort pulses or trains of such pulses, which allows one to take realtime snapshots of ultrafast transformations of matter. Pump-probe experimental techniques using these ultra short laser pulses [3] [4] [5] [6] [7] [8] have made possible to control complex molecular processes. Experimentalists can excite or ionize atoms with a controlled few-cycle laser field and then probe them through the spectrally resolved absorption of an attosecond XUV pulse. It is the simplest experimental technique used to study ultrafast electronic dynamics.
During this process one is able to fully image the electronic quantum motion and determine the degree of coherence in the studied system [9] [10] [11] [12] [13] . However, the real challenge now is how to transfer this technique to molecules.
Despite the fact that the electron dynamics in molecules almost always are strongly coupled to nuclear dynamics in case of diatomics with only one and two electrons the proper description of the nuclear-electron dynamics is satisfactorily solved. In this case the total time-dependent Schrödinger equations (TDSE) can be solved numerically including both the electronic and nuclear degrees of freedom explicitly [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Another branch of methods treat the electron dynamics very accurately, while keeping fixed the nuclear geometry. This is a fairly reasonable assumption if the masses of the nuclei are large. In this situation the motion of the electrons takes place due to the pump of a nonstationary electronic state during a period of time that is much shorter than the period of the vibrational motion of the nuclei [25] [26] [27] [28] [29] [30] [31] . The really challenging task is to create an electronic wave packet in a neutral few-atom system and then describe precisely its coupled electron nuclear dynamics. Such systems are really large enough not to use the advantage of the solution of the TDSE without separation, but they are not large enough to use the rigid nuclear geometry assumption. In this case the difference between the nuclear vibration period and the period of the motion of the electrons are not always very significant.
Recently, we have investigated the ozone molecule and proposed a new scheme for the description of the coupled electron and nuclear motion [32, 33] . An initial coherent non- * Electronic address: vibok@phys.unideb.hu stationary state was prepared by a sub-femtosecond pulse [33] . It is a superposition of the ground state X and the excited weakly-bound state B of the Hartley band [34] [35] [36] [37] . In this situation neither the electrons nor the nuclei are in a stationary state, and we used quantum dynamics simulations. The nuclear wave packets, the electronic populations, the relative electronic coherence between the ground X and B electronic states and the electron wave packet dynamics were analyzed. The time evolution of the electronic motion was plotted in the Franck-Condon (FC) region only due to the localization of the nuclear wave packet around this point during the first 5 − 6 fs.
The purpose of this paper is to go further in the photodynamics simulation of this system.
We now present the time-dependent dipole moment [38] and investigate the Dyson orbitals [39] [40] [41] [42] [43] . While the former one is useful to visualize the exciton migration as the electron In Sec. II. we give a short description of the chosen theoretical approaches. The relevant expressions and formalism will also be presented here. The results and the discussions will be presented in Sec. III. Section IV. provides conclusions.
II. METHODS AND FORMALISM
The adiabatic partition formalism (beyond Born-Oppenheimer [44] ) assumes the total molecular wave function Ψ tot ( r el , R, t) as a sum of products of electronic wave functions, ψ k el ( r el ; R), and nuclear wave packets, Ψ k nuc ( R, t):
Here k denotes the k − th adiabatic electronic state, r el and R are the electronic and the nuclear coordinates, respectively. We are interested in solving the coupled evolution of the nuclear wave packets, Ψ One has to solve the electronic and nuclear Schrödinger equations Eqs. (2-3) to obtain the potential energy surfaces and the electronic and nuclear wave functions. The electronic structure calculations are performed by the MOLPRO code [45] and a development version of the GAUSSIAN program package [46] . As for the nuclear dynamics calculations the multiconfiguration time-dependent Hartree method (MCTDH) method [47] [48] [49] [50] was used.
The MCTDH nuclear wave packets, Ψ k nuc ( R, t), contain all the information about the relative phases between the electronic states. Using the interaction picture, Ψ k nuc ( R, t) can equally be written as:
Here, V k ( R) is the potential energy of the k − th state. The first part of this wave function is the phase factor, (exp(−iV k ( R)t/ )), of the k − th state, which oscillates very fast.
From the electronic and nuclear wave functions the total density matrix of the molecule, the electronic populations on the different states and the electronic relative coherence between the different electronic states have been calculated [32, 33] .
In the present case we have two states (the ground X and the Hartley B states), and the electronic wave packet of the neutral molecule can be written as follows
Applying this formula, the total time-dependent dipole of the molecule reads as
here µ k,l is the transition dipole moment between the k − th and l − th electronic states.
Probing the electronic wave packet will lead to ionize the ozone molecule. The Dyson orbitals correspond to the molecular orbitals of the neutral molecule from which an electron has been removed where the cation relaxation is accounted for. They can be computed as one-electron transition amplitudes between the N-electron neutral and (N-1) -electron cationic states:
Applying the occupation number representation the Dyson orbitals can also be expressed in the molecular orbitals of the neutral molecule
Hereâ k is the operator which removes an electron from the molecular orbital ϕ k .
We now define the time-dependent Dyson orbitals. These orbitals may be useful for instance when the neutral molecule is excited by an ultrashort laser pulse creating a coherent superposition of the different stationary states in the neutral molecule that will be probed in the next step by sudden XUV ionization. We focus here on such a situation.
here τ is the time when the ionization takes place. i denotes the different cation channels. At a given R, ψ N el,neut ( r 1 , ... r N ; R, τ ) is the electronic wave packet, which is a coherent superposition of the ground (X) and the Hartley (B) states, and reads as
From this quantity one can form the time-dependent density of the Dyson orbitals at the FC geometry
This density can be written for each cation channel as well
cat,i ( r; R)
where index i runs over each of cation channel.
Let us define the local norm of the Dyson orbitals at the FC geometry, which is approximately proportional to the ionization probability (similar to a Franck-Condon factor in the impulsive picture)
For a certain cation channel this quantity reads as:
cat,i ( r; R) .
These expressions and equations will serve as our working formulae in the next section. Figure 1 shows the total time-dependent dipole Eq. (7) of the molecule. In the present situation the time-dependent dipole is created after the interaction of the molecule with the pump laser field [38] . Its oscillatory behaviour can be considered as a direct consequence of the coherent superposition of the X and B electronic states. This quantity has a similar time evolution to the electronic relative coherence, which illustrates exciton migration. The FC point of the ozone molecule has C 2v symmetry and therefore only the y-component (B 2 ) of the transition dipole between the ground state X ( 1 A 1 ) and Hartley B ( 1 B 2 ) is nonzero.
III. RESULTS AND DISCUSSION
The only effective polarization of the electric field is y.
Probing the electronic wave packet Eq. (11) will lead to ionize the neutral molecule.
We focus here on the ionization threshold of the spectrum (fastest electrons). The three lowest cationic states ( 2 A 1 , 2 B 2 , and 2 A 2 ) must be considered together because they are energetically close with respect to the expected bandwith of the probe pulse. We have calculated the energies of the different electronic states of the cation at the MRCI level of theory and compared them to the experimental values [51] . Reasonably good agreement has been obtained for each electronic state. Results are presented in Table 1 .
We now present the Dyson orbitals. They are very illustrative as they are one-electron wave functions that represent the probability amplitude of the electron that is removed from the neutral molecule. They also play an important role in the interpretation of the photoelectron angular distribution as well. Namely, they are approximately proportional to the latter, as their norms give some contributions to the photoionization intensity. In the present situation we have three ionization channels for the ground (X) and also for the Hartley (B) states of the neutral molecule. These six different time-independent Dyson orbitals are calculated according to Eqs. (8 -9) and are shown in Figure 2 . The MRCI method with aug-cc-pvqz basis set was used in the numerical simulations.
As already discussed the Dyson orbitals can also be written as linear combinations of the molecular orbitals of the neutral molecule Eq. (8) . As it can be seen in Fig. 2 
The symmetries of the Dyson orbitals are provided by the symmetries of the cation states and the symmetries of the X and B states of the neutral.
Our initial wave function of the neutral ozone molecule is a wave packet, Eq. (6) second region there is practically no motion of the time-dependent densities due to a lack of coherence. As for the third stage, the revival of electronic coherence induces a revival of motion in the time-dependent densities but with much less amplitude than the first interval.
The latter is due to the fact that the coherence in the field free situation is less prominent We have also calculated the local norms of the Dyson orbitals Eqs. (14, 15) . These quantities are approximately proportional to the ionization probabilities. Probability densities at the FC geometry, are shown in Figure 6 . They can be considered as "local norms", or rather local weights, with values higher than 1. At first sight, the striking feature on the pictures (see Figs. 6a -6b) is that the ground X state is the essential component of the Dyson orbital's norm. This is consistent with the previous finding that the population in the ground X state is more pronounced than that one on the Hartley B state. We can also notice, that the cation channel that presents more coherence ( 2 B 2 ) is at the same time the one that provides less total probability. And the reverse is also true, namely that the one presenting less coherence ( 2 A 2 ) is the one presenting more total probability. It is partly explained by the fact that the more there is population on the ground X state, the less there is on the Hartley B state, therefore the less there is electronic coherence between these two (neutral and cation) excited states (see Fig. 6c ). On the other hand the more there is population on the ground X state the more the probability of the time-dependent Dyson within the molecule as the electron density oscillates between the two chemical bonds. In addition, the Dyson orbitals are known to be important in the explanation of the photoelectron angular distribution. We calculated both the time-independent as well as the time-dependent Dyson orbitals and discussed their properties for different situations. Corresponding experiments are in progress [52] .
